[Abstract] The plant cell wall is primarily composed of the polysaccharides cellulose, hemicellulose and pectin. The structural and compositional complexity of these components are important for determining cell wall function during plant growth. Moreover, cell wall structure defines a number of functional properties of plant-derived biomass, such as rheological properties of foods and feedstock suitability for the production of cellulosic biofuels. A typical characterization of cell wall chemistry in the molecular biology lab consists of a mild acid hydrolysis for the quantification of hemicellulose and pectinderived monomers and a separate analysis of cellulose by the Updegraff method. We have adopted a streamlined 'one-step two-step' hydrolysis protocol that allows for the simultaneous determination of cellulose content, neutral sugars, and uronic acids by high-performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) of paired samples. In our work, this protocol has largely replaced Updegraff cellulose quantification and hydrolysis with 2 M TFA for the determination of matrix polysaccharide composition at the micro scale.
2 neutral and acidic sugars in a single run may allow further improvement of this protocol's throughput (Zhang et al., 2012; Voiniciuc and Grünl, 2016) . The steps of the protocol described here are outlined in 6. Ensure that a fine powder with no clumps is obtained before proceeding.
7. Add 1.5 ml of 70% (v/v) ethanol to the tube and vortex. Remove the steel balls from the slurry using a magnet and discard them.
8. Centrifuge at 20,000 x g for 10 min.
9. Discard the supernatant using an aspirator that is compatible with organic solvents or pipet.
10. Add 1.5 ml of 1:1 (v:v) chloroform:methanol. Disrupt the pellet with a small metal spatula and then thoroughly vortex the sample.
11. Repeat steps A8-10 two more times for a total of 3 washes with chloroform:methanol.
12. Centrifuge and remove the solvents as before (steps A8-9).
13. Add 1.5 ml of acetone, disrupt the pellet, vortex, centrifuge, and discard the supernatant as before.
14. Dry the final pellet either by using a vacuum centrifuge for at least 30 min or let air-dry overnight.
The resulting material is the AIR (Note 3, Figure 2 ).
www.bio-protocol.org/e1978 6 mixture and 900 μl of water into a 2 ml Sarstedt tubes. Add 50 μl of 72% (w/w) sulfuric acid.
Repeat with a second tube. Cap the tubes and vortex.
5. Set all tubes except for one of the recovery standards in an autoclave-compatible rack and autoclave at 121 °C for 60 min. The second recovery standard tube is not autoclaved and serves as a control for calculating monosaccharide-specific correction factors.
6. Cool samples to room temperature and centrifuge for 1 min at 20,000 x g to pellet any insoluble material.
7. Dilute samples, recovery standard, and recovery standard control 100 fold by transferring 10 μl into an autosampler vial containing 990 μl of MilliQ water. Store samples at 4 °C for up to two weeks. Samples can be stored for a month or more if they are frozen at -20 °C. This dilution factor is convenient for AIR isolated from Arabidopsis seedlings, for more cellulose-rich AIR prepared from stems, wood, or other secondary tissues, a higher dilution factor should be used (200-500 fold).
Standard curve samples
a. Dilute standard mix from step B4 (9 sugars, 100 µg ml -1 each) to yield a standard curve between 0.05 µg ml -1 and 5 µg ml -1 . Prepare this directly into 2 ml autosampler vials with pre-slit septa (Table 1 ). This range of concentrations generally covers the complete linear range of the instrument. with these conditions, so they are quantified by a second analysis that is only necessary for the matrix hydrolysis samples.
b. In our experience, retention times of peaks will shift earlier as more samples are run, and after ~50-100 samples it is necessary to perform a column flush with sodium acetate (see below, step C4).
HPAEC-PAD analysis #2 (Matrix hydrolysis samples only)
a. Inject 25 μl of each standard, recovery standard, and sample onto a 3 x 150 mm CarboPac PA-20 analytical column equipped with a 3 x 50 mm guard column of the same material.
Elute the compounds with 18 mM KOH 0.4 ml min -1 for 30 min. This run will resolve Rha and Ara.
b. A column flush may be required after ~50-100 samples are run (see below, step C4).
HPAEC-PAD analysis #3 (Matrix hydrolysis samples only)
a. Inject 25 μl of each standard, recovery standard, and sample onto a 3 x 150 mm CarboPac PA-200 analytical column equipped with a 3 x 50 mm guard column of the same material.
Elute the compounds with a 10 min gradient of 50 mM to 200 mM sodium acetate in 100 mM NaOH at a flow rate of 0.4 ml min -1 (This is accomplished with a gradient of 5%-20% eluent B [100 mM NaOH, 1 M sodium acetate]. Eluent A consists of 100 mM NaOH and makes up the remaining volume). This run will resolve GalA and GluA.
4. Column flushing procedure a. The performance of the CarboPac PA20 column degrades after running ~50-100 samples, leading to increasingly early retention times until peaks cannot be sufficiently resolved. This is remedied by flushing the column with 100 mM NaOH/1 M sodium acetate for 30 min followed by water for 30 min at 0.2 ml min -1
. If the CarboPac PA20 column is being used with an HPAEC-PAD system that is equipped with an eluent generator, it will need to be temporarily moved to a different system or port in order to complete this procedure.
Data analysis
1. Integrate all standard curve and hydrolysis samples using Chromeleon 7 software. For the calibration curves, a quadratic curve that is forced through the origin is used. For some samples, peak identity may need to be manually assigned as retention times tend to shift earlier with multiple runs. ) and anhydroglucose (162.14 g mol 12 Notes 1. Any starch present in the sample will contribute to glucose quantified in both hydrolysis regimes.
If quantification of glucose derived from matrix polysaccharides is desired, starch can be reduced by moving light-grown plants to the dark for 24 h before tissue is collected (Sorek et al., 2015) . Alternatively, starch can be enzymatically removed during preparation of the AIR (Pettolino et al., 2012) or can be independently assayed from the same AIR material (Yeats et al., 2016 ). Starch will not impact the determination of cellulose since it will contribute equally to the glucose quantified in the Saeman and matrix hydrolysis samples.
2. If a freeze-dryer is not available, it is possible to prepare AIR directly from frozen tissue that is homogenized with a mortar and pestle or a ball mill. In both cases, the sample must remain frozen during homogenization: the mortar and pestle or ball mill tube rack should be immersed in liquid nitrogen before use. Tubes are more brittle at low temperatures and we have noted an increased rate of tubes breaking during homogenization in the ball mill, so we prefer to work with dried tissue at room temperature. 6. LC elution with the same concentration of NaOH instead of KOH gives comparable results. In our work, we have used an HPAEC-PAD equipped with a KOH eluent generator module for the CarboPac PA-20 analyses. User-prepared eluents are typically prepared with NaOH. The procedure for eluent preparation is detailed in the CarboPac PA-20 manual. Following the outlined procedure is particularly important for avoiding carbonate entering the system, which drastically affects the chromatography of sugars.
